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Abstract 

Background: Smoking tobacco is a leading cause of chronic obstructive pulmonary disease (COPD), but although 
the majority of COPD cases can be directly related to smoking, only a quarter of smokers actually develop the 
disease. A potential reason for the disparity between smoking and COPD may involve an individual's ability to 
mount a protective adaptive response to cigarette smoke (CS). Glutathione (GSH) is highly concentrated in the 
lung epithelial lining fluid (ELF) and protects against many inhaled oxidants. The changes in GSH that occur with 
CS are not well investigated; therefore the GSH adaptive response that occurs with a commonly utilized CS 
exposure was examined in mice. 

Methods: Mice were exposed to CS for 5 h after which they were rested in filtered air for up to 16 h. GSH levels 
were measured in the ELF, bronchoalveolar lavage cells, plasma, and tissues. GSH synthesis was assessed by 
measuring y-glutamylcysteine ligase (GCL) activity in lung and liver tissue. 

Results: GSH levels in the ELF, plasma, and liver were decreased by as much as 50% during the 5 h CS exposure 
period whereas the lung GSH levels were unchanged. Next, the time course of rebound in GSH levels after the CS 
exposure was examined. CS exposure initially decreased ELF GSH levels by 50% but within 2 h GSH levels rebound 
to about 3 times basal levels and peaked at 16 h with a 6-fold increase and over repeat exposures were 
maintained at a 3-fold elevation for up to 2 months. Similar changes were observed in tissue GCL activity which is 
the rate limiting step in GSH synthesis. Furthermore, elevation in ELF GSH levels was not arbitrary since the CS 
induced GSH adaptive response after a 3d exposure period prevented GSH levels from dropping below basal 
levels. 

Conclusions: CS exposures evoke a powerful GSH adaptive response in the lung and systemically. These data 
suggests there may be a sensor that sets the ELF GSH adaptive response to prevent GSH levels from dipping 
below basal levels. Factors that disrupt GSH adaptive responses may contribute to the pathophysiology of COPD. 



Introduction 

The lung is unique since it is exposed to high ambient 
oxygen levels and a constantly changing atmospheric 
environment. The lung is exposed on a daily basis to a 
wide range of oxidants ranging from ozone, smog, diesel 
exhaust, dust particles and cigarette smoke (CS). In 
comparison to all other forms of inhaled oxidants, CS 
may be one of the most prevalent and preventable oxi- 
dant exposures, with nearly 1 billion smokers worldwide. 
CS contains at least 4,800 different chemicals with over 
10 14 radicals per puff that can cause DNA, protein, and 
lipid oxidation among many other effects [1-3]. 
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Fortunately, the lung has developed adaptive mechan- 
isms to defend itself against inhaled oxidants [4]. 

CS is the primary cause of chronic obstructive pul- 
monary disease (COPD), with as much as 90% of 
COPD patients having been smokers at one point in 
their lifetime [5,6]. However, a conundrum exists in 
that not all smokers go on to develop COPD. It has 
been estimated that only about 25% of smokers develop 
COPD, typically later in life [7]. The fact that 75% of 
smokers do not develop COPD points to strong defense 
mechanisms to handle the increased oxidant burden 
that smoking puts on the lung. Furthermore, the effects 
of CS are not limited only to the lung. CS has been 
implicated in several cardiovascular diseases, liver dis- 
eases as well cancer [8,9]. 
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One of the primary lung defenses against CS is the 
epithelial lining fluid (ELF) [4] . The ELF is a thin contin- 
uous fluid that hydrates the epithelial cells throughout 
the airways. The ELF is comprised of a heterogeneous 
mixture of mucus, cells, proteins, and low molecular 
weight antioxidants [4]. At its most basic, the ELF pro- 
vides a physical barrier against many inhaled oxidants 
and an important component of host defense against 
pathogens. In addition to being able to act as a physical 
barrier, there are high concentrations of antioxidants 
within the ELF that act to detoxify exogenous or endo- 
genous oxidants [4,10,11]. One of these antioxidants is 
glutathione (GSH) which is concentrated in the ELF 10- 
100 times more than in the plasma [12]. GSH is a tripep- 
tide comprised of glutamate, cysteine, and glycine and is 
synthesized and utilized in every organ throughout the 
body. y-Glutamylcysteine ligase (GCL) is the rate limiting 
enzyme involved in GSH synthesis and its expression has 
been shown to be induced in response to CS [13]. GSH 
can react with a wide range of molecules, making it an 
effective antioxidant at detoxifying many of the diverse 
reactive electrophilic components of CS. 

CS has been shown to induce a number of different 
antioxidant defenses including the expression of enzymes 
and transcription factors that lead to increased synthesis 
of GSH [14]. This increase GSH response to CS is 
referred to as the GSH adaptive response. Despite being 
a potentially critical antioxidant, not much is known 
about the acute effects of CS on the GSH adaptive 
response and how GSH levels can fluctuate both during 
and between CS exposures especially in the lung ELF. 
Therefore the present study sought to characterize the 
changes in GSH with exposure to CS in various compart- 
ments with an emphasis on the changes that occur in the 
ELF both during and between acute CS exposures in vivo. 

Methods 

Cigarette smoke extract (CSE) preparation 

The smoke of one 3R4F Kentucky reference cigarette 
was bubbled through 7 mL of room temperature PBS. 
The extract was measured spectrophotometrically at a 
wavelength of 210 nm, an absorbance of 1.3-2.0 was 
considered acceptable. The resulting extract was deemed 
100% CSE and was diluted in normal cell media. 

In vitro CSE exposure 

Human bronchial epithelial cell line (16HBE, ATCC) 
was grown in DMEM supplemented with glutamine, 
10% FBS and antibiotics. Cells were grown to roughly 
85% confluence and CSE was diluted in the media to a 
final concentration of 20%. The cells were exposed for 
various times, after which the media was removed and 
the cells were washed with warm PBS and lysed by brief 
sonication in fresh PBS. Media and lysate was stored at 



-20°C until analysis. Cytotoxicity was assessed by mea- 
suring lactate dehydrogenase release as previously 
described [15] and CSE treated cells under conditions 
tested did not have changes in cell viability that were 
statistically significantly different from controls and was 
greater than 85%. 

In vivo cigarette smoke (CS) exposure 

Male C57B/6 two month old mice were obtained from 
Jackson's laboratory (Bar Harbor, ME). The mice were 
exposed to CS from Kentucky reference cigarette 3R4F 
(University of Kentucky) for 5 h/day. The average parti- 
culate matter was 100 mg/m 3 and carbon monoxide 
levels were less than 350 ppm. Unless explicitly stated 
the mice were sacrificed 16 h after the CS exposure via 
cardiac exanguastion and bronchoalveolar lavage (BAL) 
was performed using two 750 [iL rinses of cold isotonic 
potassium phosphate solution. The dilution of the ELF 
was calculated by measuring urea in both the BAL fluid 
(BALF) and plasma as previously reported [16]. All ani- 
mal procedures followed the Public Health Service Pol- 
icy on Humane Care and Use of Laboratory Animals 
and received prior approval by the National Jewish 
Health IACUC committee. 

Tissue collection 

Both BALF and whole blood were kept on ice and then 
centrifuged to separate the BAL cells and plasma, 
respectively. The lungs and liver were perfused using 
PBS and snap frozen in liquid nitrogen. Tissues were 
stored at -80°C until analysis. For tissue analysis, roughly 
25 mg tissue was homogenized in 0.5 mL potassium 
phosphate buffer. The resulting solution was clarified of 
cell debris by centrifugation and analyzed for GSH levels 
or GCL activity. 

Measurement of glutathione 

Total glutathione (GSH) was measured spectrophotome- 
trically in the BALF, plasma, and tissues as previously 
described [17]. GSH was measured by adding the stan- 
dard or sample to 100 (iL of a 1:1 mixture of 3 units/ 
mL glutathione reductase with 0.67 mg/mL 5,5'-Dithio- 
bis(2-nitrobenzoic acid) (DTNB). The reaction was 
initiated by the addition of 20 [iL of 0.67 mg/mL 
NADPH and the increase in absorbance at 412 nm was 
monitored. Values measured in BALF were normalized 
to urea, values in tissues were normalized to protein 
content. For in vitro samples both the media and lysate 
were normalized to the lysate protein. The limit of 
detection for GSH was 0.2 [iM. 

Measurement of y-glutamylcysteine ligase (GCL) activity 

GCL activity was measured in lung and liver homoge- 
nates as previously described [18]. Samples were split 



Gould et al. Respiratory Research 201 1, 12:133 
http://respiratory-research.eom/content/1 2/1 /1 33 



Page 3 of 9 



for baseline and GCL activity measurements. Sample or 
standard was added to GCL reaction buffer (400 mM 
Tris, 40 mM ATP, 20 mM L-glutamic acid, 2.0 mM 
EDTA, 20 mM sodium borate, 2 mM serine, and 40 
mM MgCl 2 ). The reaction was initiated using 2 mM 
cysteine added to the GCL activity samples and allowed 
to incubate for 30 min. The reaction was halted by the 
addition of sulfosalicylic acid and protein precipitate was 
removed by centrifugation. Standard or sample was 
transferred in triplicate to a 96-well plate and GSH was 
then derivitized by the addition of 10 mM 2,3-naphtha- 
lenedicarboxyaldehyde and the fluorescence at Ex/Em 
wavelength of 472/528 nm was quantified using a fluor- 
escent plate reader (Synergy 2, BioTek). GCL activity 
was calculated as the difference in GSH concentration 
between the reaction and baseline samples per minute 
normalized to the protein content in the sample. 

Statistics 

Data represented as mean ± standard error with an n = 
5 for each group. One way analysis of variance with 
Newman-Keuls post test for multiple comparisons was 
run using Prism 5 software (Graphpad). Different letters 
above each group denotes a significant difference (p < 
0.05) between groups. 

Results 

Airway epithelial cells export GSH in response to CSE 
over time 

Bronchial epithelial cells were exposed to CSE for 12, 
24, and 48 hours to determine whether cells retain or 
export GSH in response to the CSE exposure. No 
change in extracellular GSH levels were observed after 
12 hours of CSE exposure, but by 24 and 48 hours there 
was significantly more extracellular GSH with CSE 
exposure versus the control (Figure 1A). There was no 
change in viability between the control and CSE exposed 
cells at any timepoint (data not shown), which supports 
cells actively exporting GSH rather than it being 
released due to cell lysis. Additionally, the intracellular 
GSH was not changed at 12 hours between control and 
CSE but by 24 and 48 hours there was significantly 
increased intracellular GSH in the CSE exposed cells 
(Figure IB). 

Lung ELF GSH is maintained over repeated CS exposures 

Mice were exposed to CS for 5 h/d for various times to 
determine when the ELF GSH adaptive response was 
maximal (Figure 2). The GSH adaptive response in the 
ELF peaked after one day of CS exposure, with nearly 
600 [iM GSH in the ELF. By day 3, the ELF GSH was 
actually less than the first day at only 250 \iM. The 
same GSH levels after 3 days was maintained in the ELF 
over extended exposures up to 120 days. Due to the 





Hours 

Figure 1 Airway cells export GSH in response to CSE over time. 

The extracellular (A) and intracellular (B) GSH levels after the 
exposure of 16HBE cells to 20% CSE at 12, 24, and 48 hours. Data 
represented as mean ± SEM, with different letters representing 
statistically significant differences between groups, p < 0.05. 
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Figure 2 Epithelial lining fluid (ELF) GSH levels with repeated 

CS exposures. Mice were exposed to CS for 5 days/week between 
1 and 120 days. ELF GSH levels are highest after 1 day of CS 
compared to repeated exposures. Data represented as mean ± SEM, 
with different letters representing statistically significant differences 
between groups, p < 0.05. 
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lack of major changes in ELF GSH with longer expo- 
sures, it stands to reason that the GSH adaptive 
response was established early, within 1 day, and then 
maintained for extended periods of time. 

CS exposure acutely depletes GSH levels 

We sought to determine the effect of CS exposure on 
the GSH levels before the adaptive response had been 
established since many of the GSH changes are estab- 
lished within an acute timeframe. Mice were exposed to 
CS for 1, 4, or 5 hours and then sacrificed immediately 
following the smoke exposure. CS exposure depleted 
ELF GSH levels by 4 hours from 100 [iM to 25 |iM, 
which was roughly the level where it remained until the 
end of the CS exposure (Figure 3A). Furthermore, in 



both the plasma (Figure 3C) and liver (Figure 3D) there 
was a 50% decrease in GSH levels following all of the 
CS exposure times. Interestingly, the lung GSH (Figure 
3B) was maintained at the same level throughout the CS 
exposure. 

GSH levels rebound between CS exposures 

Lung ELF GSH levels were reduced immediately follow- 
ing the CS exposure, yet after the first day of exposure 
to CS the GSH levels greatly rebound during the rest 
periods. The rest period between CS exposures was typi- 
cally overnight, generally about 16 hours. To investigate 
this rebound period, mice were exposed to CS for 5 
hours and then allowed to rest in a room receiving fil- 
tered air for 0, 2, 4, 8, or 16 hours. The GSH levels in 
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Figure 3 Changes in GSH levels that occur during the CS exposure. Mice were exposed to CS for 1, 4 or 5 hours and sacrificed immediately 
following exposure. ELF (A), plasma (C), and liver (D) GSH levels fell during the CS exposure while lung (B) GSH levels were maintained 
throughout the exposure. Data represented as mean ± SEM, with different letters representing statistically significant differences between 
groups, p < 0.05. 
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the ELF (Figure 4A), plasma (Figure 4C), and liver (Fig- 
ure 4D) were slightly reduced immediately following the 
CS exposure with no rest period, while the lung (Figure 
4B) was not changed. As expected the GSH levels 
rebound during the rest period, with the ELF GSH levels 
rising to about 250 (iM within the first 2 hours. Addi- 
tionally, the depleted plasma and liver levels also 
rebound back to control levels. Intriguingly the plasma 
GSH levels spike to about 13 (iM at 4 hours while the 
ELF GSH peaks at nearly 500 \iM by 8 hours. These 
changes were mirrored by changes in the lung (Figure 
5A) and liver (Figure 5B) tissue GCL activity which is a 
good indicator of a tissue's capacity to maintain GSH 



levels. This data shows that while the GSH was initially 
depleted by CS, the adaptive response was initiated and 
within 2 hours GSH levels return to normal and then 
rose above normal levels. 

GSH adaptive response prevents CS induced GSH 
depletion 

There appears to be two distinct phases of the GSH 
adaptive response to CS exposures starting with an 
initial GSH adaptive response and then a maintained 
GSH response in the ELF. The ELF GSH levels that 
occur with the initial adaptive response are roughly 500- 
600 \iM (Figure 1A and 4A) while the GSH levels for 
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Figure 4 GSH levels rebound during CS exposure recovery period. The normal recovery period between smoke exposures is overnight 
which is typically about 16 hours. Mice were exposed to CS for 5 h and allowed to recover between 0 and 16 hours. ELF (A) GSH levels 
rebounds within 2 hours after exposure and peaks at 8 hours while plasma (C) GSH levels peak at 4 hours after CS exposure. The liver (D) GSH 
levels also rebound back to control levels and the lung (B) GSH levels are unchanged. Data represented as mean ± SEM, with different letters 
representing statistically significant differences between groups, p < 0.05. 
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Figure 5 GSH synthesis increases during the CS exposure 
recovery periods in both the lung and liver. y-Glutamylcysteine 
ligase (GCL) is the rating limiting step in GSH synthesis and it was 
measured in the lung (A) and liver (B) at multiple time points 
during the CS exposure and during the recovery period. Data 
represented as mean ± SEM, with different letters representing 
statistically significant differences between groups, p < 0.05. 



the maintained adaptive response over repeated CS 
exposures are only about 250-300 \iM (Figure 1A). We 
sought to determine whether the maintained adaptive 
level was sufficient to prevent CS induced GSH deple- 
tion upon repeated CS exposures. Mice were exposed to 
CS for 3 days to achieve an adaptive GSH level of 
roughly 250 (iM and they were sacrificed immediately 
after the third day of CS exposure or after 16 hours of 
rest (Figure 6). The ELF GSH levels after the rest period 
was the expected 250 \iM but when the mice were sacri- 
ficed immediately following the third day of CS expo- 
sure the ELF GSH levels were no different than control 
levels unlike the naive mice which CS exposure depleted 
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Figure 6 The maintained GSH adaptive response in the ELF 
prevents CS induced GSH depletion below basal levels. The 

maintained GSH adaptive response in the ELF occurs within 3 days. 
Mice were exposed to CS for 3 days to induce GSH adaptive 
responses and ELF GSH levels were analyzed after either 16 hours of 
recovery (closed bar) or immediately following the CS exposure 
(crossed bar). Data represented as mean ± SEM, with different 
letters representing statistically significant differences between 
groups, p < 0.05. 



the ELF GSH levels by 50% (Figure 4A). This data sug- 
gests that the ELF GSH level of the maintained adaptive 
response is calibrated to prevent the CS-induced deple- 
tion of GSH levels below basal levels. 

Discussion 

COPD is a disease that takes decades to develop. Not all 
smokers develop COPD, but of those that do, the vast 
majority are over 60 years old [19]. Both COPD and 
lung cancer show a separation in the time between the 
exposure and actual disease symptoms, which for COPD 
can be 30 years or more. This is one of the largest chal- 
lenges to understanding the effects of CS and how it 
leads to COPD. Among researchers studying CS- 
induced lung damage the most common animal model 
of chronic exposure uses a smoking regime of 5 hours 
per day, 5 days per week. This regimen has been shown 
to be effective at causing airway enlargement in rodents 
after at least 6 full months of CS exposure [20,21]. How- 
ever, little is known about the early changes that allow 
the lung to be able to withstand the oxidant insult of 
CS for such a long time. Many acute studies utilize a 
completely different exposure pattern with very high CS 
concentrations, which is not necessarily comparable to 
the smoking regimen used for chronic studies [22,23]. 
In the present study we have examined GSH changes 
using the most common rodent exposure regimen for 
chronic CS studies and have shown that there is a GSH 
adaptive response to CS that occurs very early on and 
can be maintained for periods of up to 4 months. 
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Many of the acute changes that occur with CS are 
routinely overlooked. Most of the focus is on the 
chronic effects of CS, with the rationale that COPD is a 
disease that arises from chronic smoking. It is well 
established that humans can smoke for years without 
any major health complications, while rodents can be 
exposed for months on end without any ill effect. Addi- 
tionally, only modest effects on airspace enlargement 
occur in mice after 6 months of CS exposure [24]. 
While it is well known that the lung can tolerate CS for 
extended periods of time, very little is known about the 
mechanisms the lung uses for adaptation. 

GSH is one of the most ubiquitous low molecular 
weight antioxidants in the body, it is expressed at high 
levels within cells and is found at relatively high levels 
in some extracellular fluids such as the lung ELF [4] and 
bile [25]. In the present study, two phases of the GSH 
adaptive response to CS exposure were observed, an 
initial exaggerated adaptive response and a maintained 
adaptive response. Similar to the responses that occur 
with other exposures, GSH is initially increased to very 
high levels in the ELF with CS exposure. This response 
may be part of an emergency response with the sudden 
onslaught of oxidants from the CS exposure or it may 
be the depletion of GSH during the CS exposure com- 
bined with the increase in oxidants from CS that acts as 
a trigger to initiate this response. Similar responses in 
GSH adaptive responses have been observed in the liver 
with acetaminophen poisoning [26]. 

One of the more interesting aspects is that while the 
CS exposure depletes the ELF, plasma, and liver GSH 
levels, the lung tissue GSH levels remain unchanged. 
This may be due to the lung utilizing GSH from the 
plasma, in turn causing the liver to export more GSH 
into the plasma. The ability of the lung to utilize GSH 
from the plasma seems evident based on the fact that 
during the rest period the plasma GSH spikes at 4 
hours while at the same time point the lung GSH is 
slightly higher and the ELF GSH is still rising. The simi- 
larity in changes in GCL activity in the liver with the 
rebound increase in ELF GSH also point to the liver as 
a potential source for this GSH. Potentially the lung 
may be utilizing GSH from the plasma through an intact 
uptake mechanism shown to occur in the lung [27], 
which is then apically transported into the ELF, result- 
ing in no net change in lung tissue GSH but a drastic 
increase in ELF GSH. These data suggests that GSH in 
the ELF may in fact originate from the plasma and hints 
at a strong reliance of the lung on the inter-organ sup- 
ply of GSH especially during oxidative stress. 

The GSH response with repeated exposures is also 
very interesting since the level of GSH in the ELF is 
established at a lower, but still protective level within 
the first 3 days of CS exposure. More importantly, 



comparable levels are maintained for at least 4 months 
that suggests these adaptive responses are established 
early and can be maintained for extended periods of 
time. This may also give insight into why rodents, and 
potentially humans, can tolerate CS for long periods of 
time. It is conceivable that all or part of the adaptive 
response is broken or defective early in the disease pro- 
cess or becomes insufficient due to age-related decline 
in GSH levels [16]. 

Another interesting facet of the maintained adaptive 
response is that the GSH level of roughly 250-300 [iM 
may not be arbitrary. It seems as though the amount of 
GSH depletion that occurs during the CS exposures 
may trigger the amount of GSH that is maintained in 
the ELF between exposures. This suggests that there is 
some component in the ELF or lung that can act as a 
sensor to titrate the increase in GSH levels to prevent 
the ELF GSH level from dropping below basal levels. 
Some of the possible factors that are abundant in CS 
are polyaromatic hydrocarbons (PAHs) that are inducers 
of cytochrome P450s and are well known sources of 
reactive oxygen species [28]. This source of oxidative 
stress could maintain elevated levels of GSH observed 
with CS exposures. Another potential regulator of the 
chronic GSH adaptive response to CS exposure are the 
glutathione-S-transferases (GSTs) that conjugate GSH to 
xenobiotics for transport that could stimulate an 
increase in GSH synthesis to match GSH transport. 
Some GSTs are actually protective against cigarette 
smoke induced damage [29]. Carbon monoxide (CO) 
levels are high in CS and CO is a known inhibitor of 
heme-containing enzymes such as the cytochrome 
P450s [30] and mitochondrial complexes [31]. CO has 
well recognized protective effects in models associated 
with oxidative stress [32] and is a known inducer of 
GCL [33]. In terms of actual lung disease, a possible 
scenario may be that symptoms, including excessive 
inflammation and oxidative stress, may be tied to these 
adaptive responses and may only begin to arise when 
these adaptive responses fail. 

There are many studies that have examined the link 
between antioxidants and inflammatory and oxidative 
pathways. ELF GSH levels have been shown to be inver- 
sely correlated with proinflammatory cytokine release 
both in vitro and in vivo [16,34]. Furthermore, the 
depletion of GSH has been widely shown to exacerbate 
oxidative stress and oxidative modifications of molecules 
[35-37]. GSH is a critically important molecule in both 
direct reactions with oxidants as well as several enzy- 
matic detoxification pathways. Despite this, there are 
instances where the ability to synthesize GSH, and in 
turn establish an adaptive response is compromised. For 
instance, the normal aging process results in impaired 
GSH synthesis capability resulting in as much as a 50% 
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reduction in available GSH in tissues and fluids [16]. 
Interestingly, aging is an independent risk factor for 
COPD [38]. The age-related decline in the ability to 
synthesize GSH results in not only lower basal levels of 
GSH, but also a decreased adaptive response to CS. 
Moreover, aged mice have been shown to be more sus- 
ceptible to the release of proinflammatory cytokines and 
DNA oxidation from the same CS exposure than young 
mice with proper robust adaptive responses [16]. A 
number of genes involved in GSH synthesis, utilization, 
and transport have been shown to have polymorphisms 
associated with many lung diseases including COPD. 
For instance, a number of variants in the GCL gene 
have been associated with cystic fibrosis [39], and 
COPD [40]. The GSTs are enzymes responsible for con- 
jugating xenobiotics with GSH and also are commonly 
associated with lung diseases including COPD [41]. In 
addition, the only known transporter that places GSH in 
the ELF is CFTR, the gene defective in cystic fibrosis 
[42]. These findings, along with the fact that the lung 
can normally maintain GSH for long periods even with 
the oxidant burden of CS, lend credence to the theory 
that disease symptoms could arise when adaptive 
responses fail or are dysfunctional. 

Conclusions 

The present study has shown that many of the changes 
in GSH with regard to CS occur very acutely and can be 
maintained for longer periods of time. Furthermore, the 
ELF GSH levels that are maintained may in fact be tied 
to the CS induced depletion of GSH and that the lung 
may utilize GSH originating from other sources such as 
the liver and plasma to generate the high levels of ELF 
GSH. These data provide more insight into the acute 
effects of CS and how the lung resists the oxidant effects 
of CS. Examining the adaptive processes that are estab- 
lished to respond to the initial CS burden may help to 
understand what pathways become defective or are 
compromised and may contribute to the pathogenesis of 
COPD. 



Abbreviations 

BAL: Bronchoalveolar lavage; BALF: Bronchoalveolar lavage fluid; COPD: 
chronic obstructive pulmonary disease; CS: cigarette smoke; CSE: cigarette 
smoke extract; ELF: epithelial lining fluid; GSH: glutathione; 

Author details 

department of Medicine, University of Colorado, Denver, CO, USA. 
department of Immunology, University of Colorado, Denver, CO, USA. 
department of Pharmaceutical Sciences, University of Colorado, Denver, CO, 
USA. department of Medicine, National Jewish Health, Denver, CO, USA. 

Authors' contributions 

NSG wrote the manuscript and performed the experiments and analyzed 
the samples. EM and SG helped with obtaining in vivo samples and 
processing. RJM provided oversight and help with cigarette smoke 



exposures and study design. BJD conceived of the study and helped write 
the manuscript. All authors have read and accepted the final manuscript 

Competing interests 

The authors declare that they have no competing interests 

Received: 1 July 2011 Accepted: 7 October 2011 
Published: 7 October 201 1 

References 

1. Pryor WA, Stone K: Oxidants in cigarette smoke. Radicals, hydrogen 
peroxide, peroxynitrate, and peroxynitrite. Ann N Y Acad Sci 1 993, 
686:12-27; discussion 27-18. 

2. Rainey RP, Gillman IG, Shi X, Cheng T, Stinson A, Gietl D, Albino AP: 
Fluorescent detection of lipid peroxidation derived protein adducts 
upon in-vitro cigarette smoke exposure. Toxicol Mech Methods 2009, 19(6- 
7):401-409. 

3. Tharappel JC, Cholewa J, Espandiari P, Spear BT, Gairola CG, Glauert HP: 
Effects of cigarette smoke on the activation of oxidative stress-related 
transcription factors in female A/J mouse lung. J Toxicol Environ Health A 
2010, 73(1 9):1 288-1 297. 

4. Gould NS, Day BJ: Targeting maladaptive glutathione responses in lung 
disease. Biochem Pharmacol 81(2):187-193. 

5. Sethi JM, Rochester CL: Smoking and chronic obstructive pulmonary 
disease. Clin Chest Med 2000, 21(1):67-86, viii. 

6. Snider GL: Chronic obstructive pulmonary disease: risk factors, 
pathophysiology and pathogenesis. Annu Rev Med 1989, 40:41 1-429. 

7. Eisner MD, Anthonisen N, Coultas D, Kuenzli N, Perez-Padilla R, Postma D, 
Romieu I, Silverman EK, Balmes JR: An official American Thoracic Society 
public policy statement: Novel risk factors and the global burden of 
chronic obstructive pulmonary disease. Am J Respir Crit Care Med 2010, 
182(5):693-718. 

8. Armani C, Landini L, Leone A: Molecular and biochemical changes of the 
cardiovascular system due to smoking exposure. Curr Pharm Des 2009, 

1 5(1 0):1 038-1 053. 

9. Sherman CB: Health effects of cigarette smoking. Clin Chest Med 1991, 
12(4):643-658. 

10. Wright DT, Cohn LA, Li H, Fischer B, Li CM, Adler KB: Interactions of 
oxygen radicals with airway epithelium. Environ Health Perspect 1994, 
102(Suppl 10):85-90. 

11. Cross CE, van der Vliet A, Louie S, Thiele JJ, Halliwell B: Oxidative stress 
and antioxidants at biosurfaces: plants, skin, and respiratory tract 
surfaces. Environ Health Perspect 1998, 106(Suppl 5):1 241 -1251. 

12. Cantin AM, North SL, Hubbard RC, Crystal RG: Normal alveolar epithelial 
lining fluid contains high levels of glutathione. J Appl Physiol 1987, 
63(1 ):1 52-1 57. 

13. Rahman I, Smith CA, Lawson MF, Harrison DJ, MacNee W: Induction of 
gamma-glutamylcysteine synthetase by cigarette smoke is associated 
with AP-1 in human alveolar epithelial cells. FEBS Lett 1996, 396(1 ):21 -25. 

14. Cantin AM: Cellular response to cigarette smoke and oxidants: adapting 
to survive. Proc Am Thorac Soc 2010, 7(6):368-375. 

15. Kariya C, Chu HW, Huang J, Leitner H, Martin RJ, Day BJ: Mycoplasma 
pneumoniae infection and environmental tobacco smoke inhibit lung 
glutathione adaptive responses and increase oxidative stress. Infect 
Immun 2008, 76(10):4455-4462. 

16. Gould NS, Min E, Gauthier S, Chu HW, Martin R, Day BJ: Aging adversely 
affects the cigarette smoke-induced glutathione adaptive response in 
the lung. Am J Respir Crit Care Med 2010, 182(9):1 114-11 22. 

17. Rahman I, Kode A, Biswas SK: Assay for quantitative determination of 
glutathione and glutathione disulfide levels using enzymatic recycling 
method. Nat Protoc 2006, 1(6)3159-3165. 

18. White CC, Viernes H, Krejsa CM, Botta D, Kavanagh TJ: Fluorescence-based 
microtiter plate assay for glutamate-cysteine ligase activity. Anal Biochem 
2003, 318(2):1 75-180. 

19. Fukuchi Y: The aging lung and chronic obstructive pulmonary disease: 
similarity and difference. Proc Am Thorac Soc 2009, 6(7):570-572. 

20. Adair-Kirk TL, Atkinson JJ, Griffin GL, Watson MA, Kelley DG, DeMello D, 
Senior RM, Betsuyaku T: Distal airways in mice exposed to cigarette 
smoke: Nrf2-regulated genes are increased in Clara cells. Am J Respir Cell 
Mol Biol 2008, 39(4):400-411. 



Gould et al. Respiratory Research 201 1, 12:133 
http://respiratory-research.eom/content/1 2/1 /1 33 



Page 9 of 9 



21. Rangasamy T, Misra V, Zhen L, Tankersley CG, Tuder RM, Biswal S: Cigarette 
smoke-induced emphysema in A/J mice is associated with pulmonary 
oxidative stress, apoptosis of lung cells, and global alterations in gene 
expression. Am J Physiol Lung Cell Mol Physiol 2009, 296(6)1888-900. 

22. Sundar IK, Chung S, Hwang JW, Arunachalam G, Cook S, Yao H, Mazur W, 
Kinnula VL, Fisher AB, Rahman I: Peroxiredoxin 6 differentially regulates 
acute and chronic cigarette smoke–mediated lung inflammatory 
response and injury. Exp Lung Res 2010, 36(8):45 1-462. 

23. Yao H, Arunachalam G, Hwang JW, Chung S, Sundar IK, Kinnula VL, 
Crapo JD, Rahman I: Extracellular superoxide dismutase protects against 
pulmonary emphysema by attenuating oxidative fragmentation of ECM. 
Proc Natl Acad Sci USA 2010, 107(35):1 5571 -15576. 

24. Gebel S, Diehl S, Pype J, Friedrichs B, Weiler H, Schuller J, Xu H, Taguchi K, 
Yamamoto M, Muller T: The transcriptome of Nrf2-/- mice provides 
evidence for impaired cell cycle progression in the development of 
cigarette smoke-induced emphysematous changes. Toxicol Sci 2010, 
115(1):238-252. 

25. Sies H, Koch OR, Martino E, Boveris A: Increased biliary glutathione 
disulfide release in chronically ethanol-treated rats. FEBS Lett 1979, 

103(2):287-290. 

26. Kitteringham NR, Powell H, Clement YN, Dodd CC, Tettey JN, 
Pirmohamed M, Smith DA, McLellan LI, Kevin Park B: Hepatocellular 
response to chemical stress in CD-1 mice: induction of early genes and 
gamma-glutamylcysteine synthetase. Hepatology 2000, 32(2):321 -333. 

27. Bai C, Brown LA, Jones DP: Glutathione transport by type II cells in 
perfused rat lung. Am J Physiol 1994, 267(4 Pt 1)1447-455. 

28. Schlezinger JJ, Struntz WD, Goldstone JV, Stegeman JJ: Uncoupling of 
cytochrome P450 1A and stimulation of reactive oxygen species 
production by co-planar polychlorinated biphenyl congeners. Aquat 
Toxicol 2006, 77(4):422-432. 

29. Conklin DJ, Haberzettl P, Prough RA, Bhatnagar A: Glutathione-S- 
transferase P protects against endothelial dysfunction induced by 
exposure to tobacco smoke. Am J Physiol Heart Ore Physiol 2009, 296(5): 
H1 586-1 597. 

30. Cooper DY, Schleyer H, Rosenthal O, Levin W, Lu AY, Kuntzman R, 
Conney AH: Inhibition by CO of hepatic benzo[a]pyrene hydroxylation 
and its reversal by monochromatic light. Eur J Biochem 1977, 74(1):69-75. 

31. Cardellach F, Alonso JR, Lopez S, Casademont J, Miro O: Effect of smoking 
cessation on mitochondrial respiratory chain function. J Toxicol Clin 
Toxicol 2003, 41(3):223-228. 

32. Brugger J, Schick MA, Brock RW, Baumann A, Muellenbach RM, Roewer N, 
Wunder C: Carbon monoxide has antioxidative properties in the liver 
involving p38 MAP kinase pathway in a murine model of systemic 
inflammation. Microcirculation 17(7):504-513. 

33. Li MH, Jang JH, Na HK, Cha YN, Surh YJ: Carbon monoxide produced by 
heme oxygenase-1 in response to nitrosative stress induces expression 
of glutamate-cysteine ligase in PC12 cells via activation of 
phosphatidylinositol 3-kinase and Nrf2 signaling. J Biol Chem 2007, 
282(39):28577-28586. 

34. Haddad JJ, Harb HL: L-gamma-Glutamyl-L-cysteinyl-glycine (glutathione; 
GSH) and GSH-related enzymes in the regulation of pro- and anti- 
inflammatory cytokines: a signaling transcriptional scenario for redox(y) 
immunologic sensor(s)? Mol Immunol 2005, 42(9):987-1014. 

35. Gebicki JM, Nauser T, Domazou A, Steinmann D, Bounds PL, Koppenol WH: 
Reduction of protein radicals by GSH and ascorbate: potential biological 
significance. Amino Acids 2010, 39(5):1 131-1 137. 

36. Leichtweis S, Ji LL: Glutathione deficiency intensifies ischaemia- 
reperfusion induced cardiac dysfunction and oxidative stress. Acta 
Physiol Scand 2001, 172(1):1-10. 

37. Ponsoda X, Bort R, Jover R, Gomez-Lechon MJ, Castell JV: Increased toxicity 
of cocaine on human hepatocytes induced by ethanol: role of GSH. 
Biochem Pharmacol 1999, 58(1 0):1 579-1 585. 

38. Jedrychowski W: Biological meaning of the prospective epidemiological 
study on chronic obstructive lung disease and aging. Arch Gerontol 
Geriatr 1983, 2(3):237-248. 

39. McKone EF, Shao J, Frangolias DD, Keener CL, Shephard CA, Farin FM, 
Tonelli MR, Pare PD, Sandford AJ, Aitken ML, et al: Variants in the 
glutamate-cysteine-ligase gene are associated with cystic fibrosis lung 
disease. Am J Respir Crit Care Med 2006, 174(4):415-419. 



40. Bentley AR, Emrani P, Cassano PA: Genetic variation and gene expression 
in antioxidant related enzymes and risk of COPD: a systematic review. 

Thorax 2008, 63(1 1):956-961. 

41. Castaldi PJ, Cho MH, Cohn M, Langerman F, Moran S, Tarragona N, 
Moukhachen H, Venugopal R, Hasimja D, Kao E, et al: The COPD genetic 
association compendium: a comprehensive online database of COPD 
genetic associations. Hum Mol Genet 19(3):526-534. 

42. Velsor LW, van Heeckeren A, Day BJ: Antioxidant imbalance in the lungs 
of cystic fibrosis transmembrane conductance regulator protein mutant 
mice. Am J Physiol Lung Cell Mol Physiol 2001, 281(1)131-38. 



doi:1 0.1 1 86/1 465-9921-1 2-1 33 

Cite this article as: Gould et al.: Lung glutathione adaptive responses to 
cigarette smoke exposure. Respiratory Research 201 1 12:133. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



